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1
ETCHING DEVICE AND ETCHING METHOD

CROSS REFERENC

L1

The present application claims the benefit under 35
US.C. § 119 of German Patent Application No. DE 10

20162003506.5 filed on Jan. 17, 2016, which 1s expressly
incorporated herein by reference 1n its entirety.

FIELD

The present invention relates to an etching device and an
ctching method.

Although applicable to arbitrary structures, the present
invention and the problems underlying it are explained by
referring to micromechanical structures in silicon, 1n which
sacrificial layers are removed.

BACKGROUND INFORMATION

Micromechanical components based on silicon, for
example, sensors or micromirrors, are generally made up of
one or multiple conductive functional layers of silicon. The
areas of the functional layers that represent the movable part
of the MEMS are situated directly on a sacrificial layer. The
non-movable areas are, 1n contrast, connected directly on the
substrate without a sacrificial layer. Movable and fixed areas
are connected with one another via a suitable suspension. At
the end of the manufacturing process, the sacrificial layer 1s
selectively removed with the aid of a suitable 1sotropic
ctching method, which makes the component functional.
Wet chemical methods are often not usable here, since very
closely adjacent functional elements become stuck during
the subsequent drying of the MEMS structure. Plasma-
assisted or plasma-iree 1sotropic etching methods are nec-
essary, 1n which exclusively gaseous reactants and products
are participants.

Very different types of silicon oxide are common mate-
rials for sacrificial layers. Due to the extreme layer stress of
silicon oxide 1 combination with silicon as a functional
matenal, only very thin sacrificial layers may be imple-
mented (usually 1n the range of 0.1 um to 2 um). The
selective removal of the sacrificial layer may take place here,
for example, with the aid of HF gas phase etching. In this
case, however, the etching rate 1s limited, causing the
maximum usable volume of the sacrificial layer to be
limited.

One variant 1s the use of epitaxial polysilicon as the
sacrificial material. High deposition rates favor the forma-
tion of high-volume sacrificial structures. Isotropic etching,
methods are known which may be used to remove the
sacrificial structures using very high etching rates. Both
plasma-assisted and plasma-iree etching methods are suit-
able for this. In both cases, polysilicon may be etched at high
selectivity compared to usual mask materials such as silicon
oxide, silicon nitride, aluminum or photoresist.

A particular focus 1s on the design of 3D MEMS struc-
tures, 1n which the functional structure and the sacrificial
structure are made up of the same matenal (e.g., epitaxial
polysilicon). The functional structure 1s protected against
ctching attacks on all surfaces by suitable passivation mate-
rials (e.g., S10,). I this technology 1s applied, buried
sacrificial structures of arbitrary complexity extending
broadly laterally and vertically may be created. A great
challenge 1s to completely remove the sacrificial structures
in the 1sotropic etching step.
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Plasma-assisted and plasma-free etching methods are
fundamentally different. Purely chemical plasma-iree etch-
ing 1s very well suited for the removal of buried sacrificial
maternial. Compounds such as XeF,, CIF, CIF;, CIF., BrF;,
BrF., IF., IF. etch silicon spontaneously, while common
mask materials such as S10,, Si;N,, S10N, silicon-rich
nitrides or metals such as Al are etched very slowly (selec-
tivity up to 1000). Great undercutting widths may be imple-
mented here, even 1n extremely narrow sacrificial structures
(<1 um). Even at a great distance from the access opening
in the mask, the etching rate remains nearly constant. There
1s also nearly no dependence of the etching rate on the size
of the access. However, the etching rate 1s often limited by
the vapor pressure of the used chemical (only approximately
3 torr 1n the case of XeF,). If too much sacrificial material
1s offered openly, the etching rate drops sharply. In other
words, the volume etching rate is low (typically 11 mm>/
min). If MEMS components having a high-volume sacrifi-
cial structure and a large open surface area >10% are to be
ctched, long etching times must be expected.

Plasma-assisted 1sotropic etching using fluorine com-
pounds such as F,, SF., CF, or NF, 1s also suitable for the
removal of buried sacrificial material. In this case, the
fluorine compound 1s activated in the plasma; the {free
fluorine radicals etch silicon spontaneously and without
additional activation energy using 1on bombardment.

Mask materials such as S10,, S1;N,, S10ON, silicon-rich
nitrides or metals such as AL are only etched very slowly
(selectivity >1000). Only by supplying activation energy by
ion bombardment is 1t possible to remove these matenals at
higher etching rates. When silicon 1s etched, very high
volume etching rates are possible (e.g., >500 mm>/min);
however, the etching rate drops as the distance to the access
opening 1ncreases. This 1s due to the fact that the radicals
react not only with the silicon surface, but also with them-
selves, as a result of which the concentration and thus the
ctching rate decreases as the undercutting width increases.
Furthermore, the etching rate depends strongly on the size of
the access opening. The smaller the access, the lower the
etching rate. Accordingly, the etching rate also drops sharply
in the case of constrictions of the sacrificial structure. If
MEMS components having a high-volume sacrificial struc-
ture and a large, open surface area >10% are to be etched,
the major portion of the sacrificial silicon may be removed
in a short etching time with the aid of a plasma-assisted
method, as long as there 1s no limitation due to small etching
accesses <20 um.

I1 silicon 1s used as a sacrificial material 1n combination
with arbitrary passivation material, the mask must be struc-
tured prior to the sacrificial layer etching. Silicon 1s released
in this case. In air, a thin film of natural silicon oxide 1s
always formed on the silicon surface (~5 nm). To begin
sacrificial layer etching, 1t 1s necessary to initially remove
this natural oxide 1n a suitable manner. Plasma-assisted and
plasma-iree etching methods are again suitable for this
purpose. It the passivation material 1s S10,, the opening with
the aid of CF, plasma in combination with directed 1on
bombardment 1s common practice. In this case, the natural
oxide on the surface may be selectively removed shortly
betore the sacrificial layer etching. A short 1sotropic HF gas
phase etching step may also be used. Here, oxide 1s selec-
tively and 1sotropically removed. If an interruption should
occur during the sacrificial layer etching and the water 1s
exposed to air, natural oxide will also form on buried
sacrificial silicon on the etch fronts. This may result in an
etching delay or even a complete stop of the etching progress
when the sacrificial layer etching 1s resumed. In order to
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avoid this, 1t 1s no longer possible to work with plasma-
assisted methods, since no 1on bombardment 1s possible on

buried structures. In order to provide a remedy, all that
remains 1s an 1sotropic plasma-iree etching step, e.g., HF gas
phase etching for S10, as passivation.

This basically provides a sacrificial layer etching under a
combination of plasma-assisted and plasma-iree etching
methods.

Generally, separate modules for plasma-iree (described,
for example, 1n German Patent Application DE 198 40 437
Al) or plasma-assisted etching are provided in the related
art. The modules may then be linked with one another via a
handling system. In this case, 1t would be possible to 1nitially
machine the water 1n the plasma module. In this case, the
natural oxide on the surface could be opened and the
1sotropic plasma-assisted sacrificial layer etching could be
started. After the etching was completed, the water would
have to be unloaded and transferred into the next etching
module. In this case, a further sacrificial layer etching could
be carried out with the aid of a plasma-iree etching method.
Should natural oxide have been formed on buried sacrificial
material for any reasons, the water would have to be
unloaded again and transferred to a third module suitable for
removing the natural oxide, e.g., HF gas phase etching. This
results 1n high costs for at least three etching modules and a
handling system 1n order to be able to hold the wafer 1n a
vacuum between the individual process steps.

Moreover, long process durations result from multiple
separate etching and handling steps and a distribution of the
error possibilities, since all modules have to be available at
the same time. In addition, there are increased maintenance
costs because four system elements have to be serviced, a
complication due to four different system elements including
different software control, 1f necessary, and an increased risk

of product damage due to multiple handling.
U.S. Pat. No. 6,221,784 B1 and PCT Application No. WO

02/095800 A2 describe etching modules in which plasma-
assisted and plasma-iree etching are to be combined. Here,
structures are explicitly assumed in which useful material
and sacrificial material differ. There 1s no way to use the
plasma-activated species for 1sotropic etching at a high
ctching rate. Similarly, there 1s no way to remove buried
natural oxide on etch fronts with the aid of gaseous HF.

SUMMARY

The present invention provides an etching device and an
ctching method. Preferred refinements are described herein.

In accordance with the present invention, plasma-assisted
as well as plasma-free etching methods are eflectively
combined on an etching device, plasma-assisted and plasma-
free etching being possible both 1n 1sotropic and amisotropic
aspects.

In order to create optimized etching conditions, in par-
ticular 1n plasma-iree etching, a movable gas nozzle distri-
bution device (showerhead) or a movable chuck 1s provided.
By adjusting the distance to the water surface, the plasma-
free etching process may thus be optimized in comparison
with the plasma-assisted etching process.

For example, the following process steps are possible in
a single etching step:

anisotropic opening of the passivation S10,, S1;N,,, S1ON,

silicon-rich nitrides or metals such as Al on the struc-
ture surface;

anisotropic or 1sotropic removal of natural S10, on silicon

on the structural surface and also on buried silicon with
the aid of sputtering or gaseous HF;
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1sotropic etching of sacrificial silicon with the aid of
plasma-activated species such as fluorine, chlorine or
bromine radicals;

1sotropic etching of sacrificial silicon with the aid of

chemically active species such as XeF,, CIF, CIF,,
CIF., BrF,, BrF., IF., IF;

1sotropic deposition of plasma polymer from C_F..

An etching device according to the present invention may
be implemented by installing additional suitable gas lines for
the various etching gases and an actuator to an existing
plasma etching module. The gases flow nto the etching
chamber through the gas nozzle distribution device, pass
through a plasma coil in the plasma etching mode or strike
the wafer surface from a close distance 1n the non-plasma
ctching mode. After adsorption, the reaction takes place
using the appropriate material. The reaction products and
excess reaction gas may be suctioned off using the high
vacuum pump before the next process step 1s started.

By alternate etching and passivation, for example, a
trench etching may be implemented. The etching device
according to the present invention 1s particularly suitable for
the 1sotropic removal of high-volume sacrificial structures
from MEMS components using a very high etching rate, 1n
which both the sacrificial material and the functional mate-
rial are made of silicon. The use of gaseous HF makes 1t
possible to remove buried natural oxide, as a result of which
an etching delay 1s prevented.

According to a preferred specific embodiment, an 1nner
wall of the etching chamber may be temperature-controlled.
Depending on the etching mode and the etching gas com-

position, this makes 1t possible to set optimized process
conditions.

According to another preferred specific embodiment, a
controllable gas supply device 1s provided, with the aid of
which different etching gases may be fed to the etching
chamber. Different etching processes may thus be set auto-
matically.

According to another preferred specific embodiment, the
ctching gases may be optionally pulsed or supplied continu-
ously. This makes 1t possible to set the optimal conditions for
the etching gas supply.

According to another preferred specific embodiment, the
chuck may be brought to a predetermined electrical potential
with the aid of a biasing device. Thus, a sputtering eflect
may be optionally achieved.

According to another preferred specific embodiment, a
control unit 1s provided, with the aid of which the etching
gas composition and the etching mode may be controlled
automatically. This makes 1t possible to optimize the speed
of the etching processes.

According to another preferred specific embodiment, the
plasma generating device has a coil device surrounding the
area. A plasma may thus be formed in a favorable manner.

According to another preferred specific embodiment, the
area forms a constriction of the etching chamber. This makes
it possible to achieve a high energy density of the plasma.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention 1s explained in greater detail below
based on the exemplary embodiments presented in the
figures.

FIG. 1 shows a schematic cross-sectional representation
for elucidating an etching device and a corresponding etch-
ing method according to a first specific embodiment of the
present invention.
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FIG. 2 shows a schematic cross-sectional representation
for elucidating an etching device and a corresponding etch-

ing method according to a second specific embodiment of
the present invention.

FIG. 3 shows a schematic cross-sectional representation
for elucidating an etching device and a corresponding etch-
ing method according to a third specific embodiment of the
present invention.

DETAILED DESCRIPTION OF EXAMPL.
EMBODIMENTS

L1

Identical reference symbols and numerals in the figures
denote 1dentical elements or elements having an identical
function.

FIG. 1 shows a schematic cross-sectional representation
for elucidating an etching device and a corresponding etch-
ing method according to a first specific embodiment of the
present mvention.

In FIG. 1, reference numeral 1 denotes an etching cham-
ber, within which a chuck C 1s situated, on which a substrate
S having a surface OF 1s clamped. The clamping takes place,
for example, with the aid of suction nozzles or a mechanical
clamping device. A width of etching chamber 1 1s advanta-
geously only slightly greater than the diameter of chuck C 1n
order to achieve a suitable etching gas density.

Connected to etching chamber 1 1s a pump device P for
producing a desired process pressure and for pumping ofl the
ctching gas, 1n particular when a change of the etching gas
1s required. With the aid of an electrical line L', chuck C 1s
connected via a capacitor device C' to a biasing device B,
which on the other hand 1s connected to ground potential
GND. Biasing device B 1s used for applying a desired
clectrical potential to chuck C 1f a sputtering defect is
desired. The chuck 1s preferably temperature-controllable,
for example, in the temperature range between —10° C. and
100° C.

An 1nner wall I of etching chamber 1 may also be
temperature-controlled, for example, 1n the same tempera-
ture range between —10° C. and 100° C. In the upper area,
ctching chamber 1 has a constricted area 1la which 1s
surrounded by a plasma generating device C, which includes
a circular coil device, which 1s connected via an electrical
line L and a capacitor device C and a radio frequency
generating device RFE, which 1s 1n turn connected to ground
potential GND.

Reference numeral 10 denotes a gas nozzle distribution
device which is situated on the upper end of constricted area
1a and through which etching gas may be introduced, which
1s supplied from a gas supply device G via a line device LG.
Line device LG may also be temperature-controlled in the
range between —10° C. and 100° C.

Gas supply device G 1s connected to multiple gas sources
(not shown), from which the particularly required etching
gases may be extracted. A control unit denoted by reference
symbol ST provides for an automatic selection of the
required gas source or etching gas sources and 1s also used
for adjusting gas nozzle distribution device 10 as a function
of a selected etching mode, which 1s described in greater
detail below.

(Gas nozzle distribution device 10 1s situated above chuck
C 1n such a way that an etching gas stream GS 1s directed
essentially perpendicular to surface OF of substrate S to be
etched.

It may be moved with respect to surface OF of the
substrate to be etched by an actuator device (not shown) 1n
such a way that 1t 1s situated 1n a plasma etching mode at
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6

such a first distance from surface OF that etching gas stream
GS passes through constricted area 1a surrounded by plasma
generating device C. The selected etching gas passing
through 1s thus activated by plasma generating device C and
then reaches surface OF of substrate S to be etched.

In a non-plasma etching mode, on the other hand, gas
nozzle distribution device 10 1s moved in the direction of
surface OF of the substrate through constricted area 1a
including surrounding plasma generating device C, so that 1t
1s located at a second, smaller distance from surface OF,
which results in a better etching condition for isotropic
ctching, since the etching volume 1s reduced.

This movability 1s schematically indicated by a double
arrow having reference symbol V.

Thus, appropnate programming of control unit ST may be
used for configuring alternating plasma-iree and plasma-
assisted etching cycles using different etching gases.

For the plasma-iree etching, for example, XeF, (xenon
difluoride) CIF (chlorine monofluornide), CIF; (chlorine tri-
fluoride), CIF . (chlorine pentatluoride), BF, (bromine trii-
luoride), BF (bromine pentafluoride), IF; (10dine pentafluo-
ride), IF. (1odine heptatluoride) may be used as etching
gases.

For a plasma-assisted etching, for example, F, (fluorine
gas), SF. (sulfur hexatluoride), CF, (carbon tetratluoride),
CHEF; (trifluoromethane) CH,F; (trifluoromethanecation),
C,F. (hexafluoroethane), C;F, (octafluoropropane) or NF,
(nitrogen trifluoride), etc., may be used. The above etching
processes are 1n particular suitable for sacrificial layer
ctching.

An 1sotropic opening ol buried natural S10, may be
achieved, for example, by anhydrous HF gas, 1sopropanol,
ctc. Polymer passivation 1s, for example, possible with the
aid of C,F, (octafluorocyclobutane).

Ar (argon), N, (nitrogen), O, (oxygen), H, (hydrogen),
Cl, (chlorine gas), Br, (bromine gas), I, (iodine gas), HCI
(hydrogen chloride gas), HBr (hydrogen bromide gas), HI
(hydrogen 1odide gas) etc., are conceivable as additional
etching gases.

It 1s advantageous that all etching processes are possible
under continuous tlux or pulsed flux.

Plasma generating device C above substrate S typically
has a distance of 30 cm from surface OF.

Another possibility 1s a protective ring for the edge of
substrate S (not shown) which 1s movable 1n the z-direction.

Furthermore, 1t 1s possible to implement an optical end
point detection for all etching steps.

FIG. 2 shows a schematic cross-sectional representation
for elucidating an etching device and a corresponding etch-
ing method according to a second specific embodiment of
the present invention.

According to the second specific embodiment, in contrast
to the above-described first specific embodiment, a first gas
nozzle distribution device 10a and a second gas nozzle
distribution device 106 are provided.

In contrast to the first specific embodiment, first gas
nozzle distribution device 10a 1s provided stationarily above
plasma generating device C.

Second gas nozzle distribution device 1056 1s provided in
a lateral recess 15 of etching chamber 1 and has a movabaility
V' along the direction indicated by the double arrow, 1.¢., 1n
the horizontal direction in the drawing. It 1s connected to a
second gas supply device G' via a line device LG'.

In plasma-iree etching, second gas nozzle distribution
device 104 1s located 1n recess 15 and 1s deactivated.

In plasma-assisted etching, on the other hand, first gas
nozzle distribution device 10q 1s deactivated and second gas
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nozzle distribution device 105 1s moved 1n the horizontal
direction above surface OF of the substrate in such a way
that an etching gas stream GS exiting 1t 1s directed essen-
tially perpendicular to surface OF of substrate S to be
etched.

In this second specific embodiment, an appropriately
modified control umt ST' provides for the etching gases to
be provided by gas supply devices G, G' and for the
movability of second gas nozzle distribution device 10, so
that this arrangement yields the same effect as in the first
specific embodiment described above.

FIG. 3 shows a schematic cross-sectional representation
for elucidating an etching device and a corresponding etch-
ing method according to a third specific embodiment of the
present invention.

In the third specific embodiment, gas nozzle distribution
device 10, which 1s situated above the plasma generating
device, 1s also stationary; however, chuck C may be adjusted
in direction of travel V" 1n such a way that substrate S may
be brought closer to gas nozzle distribution device 10 during
a plasma-iree etching process. Consequently, 1n this specific
embodiment, the same effect as 1n the above-described first
and second specific embodiments 1s also achievable, namely
a reduction in the etching volume 1n plasma-iree etching.

Although the present invention has been described based
on preferred specific embodiments, it 1s not limited thereto,
but 1s mstead modifiable 1 a variety of ways.

In particular, 1t 1s possible to design both the gas nozzle
distribution device and the chuck to be adjustable, 1n order,
for example, to further reduce the etching volume during
plasma-iree etching.

The present invention 1s also not limited to the above-
named etching gases, but 1s mstead applicable 1n principle
for arbitrary etching gases or passivation gases.

Furthermore, 1t 1s also possible to apply the present
invention to an etching chamber, 1n which a plurality of
substrates are to be etched simultaneously.

What 1s claimed 1s:

1. An etching device, comprising:

an etching chamber and a chuck located therein to clamp
a substrate to be etched;

a plasma generating device surrounding the etching cham-
ber 1n an area; and

a gas nozzle distribution device to mtroduce etching gas,
the gas nozzle distribution device being situated above
the chuck 1n such a way that an etching gas stream 1s
directed perpendicular to a surface of the substrate to be
etched;

wherein the gas nozzle distribution device 1s movable
with respect to the surface of the substrate to be etched
in such a way that, 1n a plasma etching mode, the gas
nozzle distribution device is situated at such a first
distance from the surface that the etching gas stream
passes through the area surrounded by the plasma
generating device, and that, 1n a non-plasma etching
mode, the gas nozzle distribution device 1s situated at
such a second, smaller distance from the surface that

10

15

20

25

30

35

40

45

50

55

8

the etching gas stream does not pass through the area
surrounded by the plasma generating device.

2. The etching device as recited in claim 1, wherein an
inner wall of the etching chamber 1s temperature-control-
lable.

3. The etching device as recited in claim 1, further
comprising;

a controllable gas supply device with the aid of which

different etching gases may be fed to the etching
chamber.

4. The etching device as recited 1n claim 3, wherein the
etching gases may be pulsed or supplied continuously 1n the
alternative.

5. The etching device as recited in claim 1, further
comprising:

a biasing device, where the chuck may be brought to a
predetermined electrical potential with the aid of the
biasing device.

6. The etching device as recited in claim 1, further

comprising;

a control unit with the aid of which the etching gas
composition and the etching mode are controllable
automatically.

7. The etching device as recited 1n claim 1, wherein the
plasma generating device has a coil device surrounding the
area.

8. The etching device as recited 1n claim 1, wherein the
arca forms a constriction of the etching chamber.

9. An etching method, comprising:

clamping a substrate to be etched on a chuck located 1n an
etching chamber, a plasma-generating device surround-
ing the etching chamber being provided in an area;

introducing etching gas into the etching chamber with the
aid of a gas nozzle distribution device, which 1s situated
above the chuck 1 such a way that an etching gas
stream 1s directed perpendicular to a surface of the
substrate to be etched; and

in a plasma etching mode, moving the gas nozzle distri-
bution device 1 such a way with respect to the surface
of the substrate to be etched that the gas nozzle distri-
bution device 1s situated at such a first distance from the
surface that the etching gas stream passes through the
area ol etching chamber surrounded by a plasma gen-
erating device; and

in a non-plasma etching mode, moving the gas nozzle
distribution device 1n such a way with respect to the
surface of the substrate to be etched that the gas nozzle
distribution device 1s situated at such a second, smaller
distance from the surface that the etching gas stream
does not pass through the area surrounded by the
plasma generating device.

10. The etching method as recited 1n claim 9, wherein a
sacrificial layer etching process 1s carried out by alternating
the plasma etching mode and the non-plasma etching mode.

11. The etching method as recited 1n claim 9, wherein a
trench etching process 1s carried out by alternating the
plasma etching mode and the non-plasma etching mode.
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